Genome structural variations, including duplications, deletions, insertions, and inversions, are central in the evolution of eukaryotic genomes. However, structural variations present challenges for high-quality genome assembly, hampering efforts to understand the evolution of gene families and genome architecture. An example is the genome of the pea aphid (Acyrthosiphon pisum) for which the current assembly is composed of thousands of short scaffolds, many of which are known to be misassembled. Here, we present an improved version of the A. pisum genome based on the use of two longrange proximity ligation methods. The new assembly contains four long scaffolds (40-170 Mb), corresponding to the three autosomes and the X chromosome of A. pisum, and encompassing 86% of the new assembly. Assembly accuracy is supported by several quality assessments. Using this assembly, we identify the chromosomal locations and relative ages of duplication events, and the locations of horizontally acquired genes. The improved assembly illuminates the mode of gene family evolution by providing proximity information between paralogs. By estimating nucleotide polymorphism and coverage depth from resequencing data, we determined that many short scaffolds not assembling to chromosomes represent hemizygous regions, which are especially frequent on the highly repetitive X chromosome. Aligning the X-linked aphicarus region, responsible for male wing dimorphism, to the new assembly revealed a 50-kb deletion that cosegregates with the winged male phenotype in some clones. These results show that long-range scaffolding methods can substantially improve assemblies of repetitive genomes and facilitate study of gene family evolution and structural variation.
Introduction
The feasibility of inexpensive sequencing offers the chance to understand genome evolution and genome architecture across the Tree of Life. Some of the most important events leading to adaptation and diversification involve genomic changes of a larger scale than single nucleotide substitutions (Feuk et al. 2006; Neafsey et al. 2014; Sudmant et al. 2015; Long et al. 2018; Waterhouse et al. 2018) . Key changes in the evolution of most lineages include insertions, deletions, inversions, translocations, and duplications of genomic regions (Fawcett et al. 2009; Lien et al. 2016; Riehle et al. 2017; Matthews et al. 2018) as well as acquisition of horizontally transferred genes (Moran and Jarvik 2010; Moran et al. 2012; Crisp et al. 2015; Peccoud et al. 2017) . To detect these kinds of changes requires high-quality and complete genome assemblies. Many animal genomes have been sequenced in the last decade using next-generation sequencing technologies that provide cheaper alternatives to the long-dominant Sanger method (Genome 10K Community 2009; i5K Consortium 2013) . Although these methods allow deep coverage of genomes, most fall short with respect to assembly of highly repetitive regions or copy number variation resulting from duplication (Treangen and Salzberg 2012; Jiao and Schneeberger 2017) . Next-generation sequencing techniques can be combined with other long-read sequencing and longrange scaffolding methods (Lee et al. 2016; Jiao and Schneeberger 2017) to enable chromosome-scale assembly, which in turn can shed light on the genomic changes underlying adaptation and phenotypic variation (Lewin et al. 2009 ).
A central model for understanding adaptation and diversification is the pea aphid (Acyrthosiphon pisum). This species has been a model for studies on speciation (Hawthorne and Via 2001) , sex chromosome evolution (Jaqui ery et al. 2018) , horizontal gene transfer (HGT) into animal genomes (Nikoh and Nakabachi 2009; Moran and Jarvik 2010; Nikoh et al. 2010) , obligate symbiosis with bacteria (Hansen and Moran 2011; Shigenobu and Stern 2013; Duncan et al. 2016) , host plant adaptation (Jaqui ery et al. 2012) , developmental polymorphism (Brisson 2010; Shigenobu et al. 2010) , and other evolutionary and ecological questions (Brisson and Stern 2006) . The sequencing of the A. pisum genome revealed an unusually high level of gene family expansion (IAGC 2010) , a result confirmed by other studies (Smadja et al. 2009; Dahan et al. 2015; Duncan et al. 2016 ). The A. pisum genome also contains genes horizontally transferred from bacteria (Nikoh et al. 2010) and from fungi (Moran and Jarvik 2010) , with subsequent duplications of transferred genes in each case. The current version of the genome, Acyr 2.0 (GenBank accession GCA_000142985.2), contains 12,969 scaffolds longer than 1 kb, and an N50 and L50 of 519 kb and 280 scaffolds, respectively, indicating a highly fragmented assembly and reflecting the extensive duplication and expansion of repetitive sequences in this genome.
Even more problematic, many or most of the large scaffolds contain assembly errors and falsely join regions from the same or different chromosomes. For example, to identify regions corresponding to the X chromosome, Jaqui ery et al.
(2018) mapped short Illumina reads for males and females of the same aphid clone. Since aphids have XO sex determination, males retain the maternal diploid genotype except for elimination of an X chromosome. Thus, the X chromosome should have half the coverage in males relative to females. Based on this feature, Jaqui ery et al. (2018) identified X-linked regions as those for which male genomes have depth of coverage half that of females. Their results revealed that 56% of the long (!150 kb) Acyr 2.0 scaffolds combine regions from both X chromosome and autosomes, indicating false assembly. Additionally, other studies examined a set of loci involved both in carotenoid biosynthesis and in male wing dimorphism and uncovered assembly errors in the corresponding scaffolds in each case (Moran and Jarvik 2010; Mandrioli et al. 2016; ). The evident low quality of the current A. pisum genome assembly is an obstacle for many kinds of genetic and evolutionary studies, and it prevents the understanding of larger scale changes in genome architecture.
Here, we applied long-range scaffolding approaches, based on proximity ligation, to improve the genomic assembly of A. pisum. Under this approach, high-quality genomic DNA is self-ligated so that short-reads pair up with a probability dependent on relative proximity within a chromosome. The paired regions are then isolated and sequenced as paired end reads using next-generation sequencing technology (Putnam et al. 2016 ). Read pair proximity information then is used to scaffold the genome. These methods yielded four large scaffolds corresponding to the X chromosome and the three autosomes of A. pisum, as documented in karyotype studies (Blackman 1980; Mandrioli et al. 2016 ) and genetic linkage analyses (Jaqui ery et al. 2014) . We validated the assembly using several approaches: the content of benchmarking single-copy genes, microsatellite markers that have been mapped genetically (Jaqui ery et al. 2014) , and relative sequencing depth in males versus females to verify assignment to the X. Although most of the genome assembled into scaffolds corresponding to the four chromosomes, 14.3% of the assembled sequence was comprised of short scaffolds not assigned to any chromosome. Most of the longest short scaffolds appear to reside on the X chromosome, which contains an elevated proportion of repetitive regions. In addition, our results illuminate the history of gene duplications and the evolution of gene families that function in coloration, male wing dimorphism, and symbiont interactions.
Results

Genome Assembly and Verification
We performed genome assembly of the A. pisum AL4 clone ( fig. 1 ) based on 182 million Chicago read pairs and 212 million HiC read pairs (Putnam et al. 2016 ) of this clone and on sequence data from Acyr 2.0, which is derived from the parental genotype LSR1.AC.G1 (hereafter called LSR1). The resulting new assembly had a total length of 540 Mb, close to the Acyr 2.0 assembly length and the estimated haploid genome size based on flow cytometry (Bennett et al. 2003; IAGC 2010 ). The four chromosome-level scaffolds contained 85.7% of the assembled sequence, corresponding to the known chromosome number of A. pisum (three autosomes and the X chromosome) (table 1). As we combined proximity ligation data from the AL4 clone with the LSR1 A. pisum draft genome, both LSR1 and AUS genomes could contribute to the new assembly. Our assembly required 7,735 breaks to be introduced into Acyr 2.0, implying rampant assembly errors in Acyr 2.0. To further investigate the breaks, we mapped the coordinates of Acyr 2.0 genome features to the AL4 assembly. Regions containing mRNA, ncRNA and introns showed higher unmapped rates (4.26-4.55%) than did regions containing exons, CDS and tRNAs (0.19-1.22%) (supplementary table S1, Supplementary Material online), indicating that the misassemblies in Acyr 2.0 are mostly in noncoding regions. Thus, the AL4 assembly is expected to be a vastly improved representation of the A. pisum genome architecture, but to have relatively small effect on the annotated set of protein-coding genes.
To evaluate the completeness of the assembly, we performed Benchmarking Universal Single-Copy Orthologs (BUSCOs) assessment (Simão et al. 2015) , which showed that the current assembly contains 93.5% of the complete single-copy orthologous genes in Insecta. This BUSCO completeness is similar to that of Acyr 2.0 (table 2). The four chromosome-level scaffolds alone covered a similar number of BUSCOs (93.3% complete BUSCOs), indicating that the short scaffolds contain few BUSCOs.
To confirm the overall validity of the assembly, we located previously mapped microsatellite markers (Jaqui ery et al. 2014) on the AL4 assembly. We were able to locate 96.1% (293 out of 305) microsatellite primer pairs to the four chromosome-level scaffolds (supplementary table S2 , Supplementary Material online). The overall pattern reveals near-perfect congruence of the new assembly with the linkage map ( fig. 2 ). Based on comparison of genetic distance and physical distance of microsatellite markers, the X chromosome shows high levels of recombination, whereas most autosomal regions experience low recombination rates. Based on the linkage relationship of the microsatellite markers and the length of the chromosome-level scaffolds, we assigned the scaffolds to the corresponding chromosomes (A1, A2, A3, and X) (supplementary table S2, Supplementary Material online).
Aphids reproduce clonally during much of their life cycle. Their sexual phase involves a special meiosis in which males retain the maternal diploid genotype except for elimination of an X chromosome. Thus, the X chromosome should have half the coverage in males relative to females. Based on this expectation, a previous study attempted to assign Acyr 2.0 scaffolds to the X, but many longer scaffolds were found to be Li et al. . doi:10.1093/molbev/msz138 MBE chimeric, containing sequences from both autosomes and the X chromosome (Jaqui ery et al. 2018) . We used the same approach to assess the extent of chimeric scaffolds in our AL4 assembly. We obtained short read Illumina sequences for male and female individuals and estimated the sequencing depth ratio between males and females across the AL4 assembly using 10-kb sliding windows. Because of the XO sex determination, the sequencing depth for the X chromosome in females should be twice the value observed for males. Indeed, we found a bimodal distribution for this ratio with one peak, representing the X (median ¼ 0.45 6 0.079), centered on a value that is about half the value of the other, larger peak, representing the autosomes (median ¼ 0.82 6 0.100) ( fig. 3 and supplementary fig. S1 , Supplementary Material online). For the three other scaffolds, distributions were similar with median close to 0.82, implying that these are the three autosomes ( fig. 3 ). The short scaffolds showed a bimodal distribution, indicating that a large proportion of the short scaffolds came from the X chromosome. For the six longest of the short scaffolds, we determined five to be of X chromosomal origin and one to be of autosomal origin, based on male to female sequencing depth ( fig. 3) . Furthermore, the X chromosome assignment inferred on this basis was confirmed by the lack of heterozygous single nucleotide polymorphisms (SNPs) in males.
We also estimated the overall heterozygosity of the seven AL4 individuals for which we obtained Illumina resequencing data. A previous study (Brisson et al. 2009 ) found that A. pisum populations have a polymorphism of about 0.13%, based on a 1,608 nucleotide intergenic region. Using the resequencing data, 0.063% of positions in protein-coding gene regions were heterozygous in the paternal LSR1 clone, whereas 0.085% of positions were heterozygous in the maternal AUS clone. The lower value for LSR1 may reflect the fact that this strain underwent one generation of inbreeding prior to sequencing (IAGC 2010) . The progeny clone AL4 showed an intermediate heterozygosity of 0.068%. The four males showed nearly identical heterozygosity (0.047%, 0.047%, 0.048%, and 0.048%) with values lower than those observed for females (range 0.063-0.085%). The lower values are expected since males have only one copy of the X chromosome and thus lack heterozygous sites for this portion of the genome.
FIG. 1.
Relationships of the aphid samples used in this experiment. AL4 individuals (in the dotted blue box) are the clonal female aphids used for genome assembly. Other individuals (in the solid yellow boxes) were used for resequencing purpose. The wþ w-genotype of AUS is inferred based on the ability of its progeny AL4 to produce winged males, as AUS itself does not produce males. 
MBE
Genome Annotation and Gene Duplications
We used WQ-MAKER (Hazekamp et al. 2018) to annotate genes in the AL4 assembly, incorporating the protein annotation information derived from the Acyr 2.0 assembly. WQ-MAKER initially identified 91,619 sequences with homology to previously annotated genes. Of these, 40,090 proteins identified in AL4 were found to have !98% similarity to 30,991 proteins in the Acyr 2.0 annotation, based on BlastP. This result (a larger number of encoded proteins in AL4) suggests that some of the AL4 genes result from recent duplications that were collapsed into single copies in the Acyr 2.0 assembly. Also, some genes may be misassembled as a single locus in Acyr 2.0, but separated into distinct loci by the improved assembly of AL4. Of the genes from the AL4 annotation that were assignable at 98% protein identity to Acyr 2.0 annotated proteins, many were shorter than 100 amino acids (supplementary fig. S2 , Supplementary Material online), which suggests that most are pseudogenes or false positive annotations. For the genes longer than 100 amino acids, we found that 88% (27,496 out of 31,418) of them were !98% identical to genes in the AL4 assembly. Thus, the Acyr 2.0 annotation identified the large majority of distinct proteins. The main distinction between the two annotations is that genes that were misassembled or collapsed in Acyr 2.0 are assembled more accurately in AL4. The A. pisum genome was already known to contain extensive gene duplications (IAGC 2010; Duncan et al. 2016) , and these are a likely cause of poor assembly in Acyr 2.0. We investigated the distributions of paralogs in AL4 to better understand the history of gene duplication in this genome. In the AL4 genome assembly, we identified 4,502 paralog pairs based on reciprocal best hits from BlastP. We found 1,594 paralog pairs on the same chromosome-level scaffolds, 1,276 paralog pairs were on different chromosome-level scaffolds, and 1,081 paralog pairs were on both short and chromosomelevel scaffolds. Among the chromosomes, Chromosome X showed the most within-chromosome paralogs (449 paralogs), and Chromosome A3, the shortest autosome, showed the fewest within-chromosome paralogs (62 paralogs) ( fig. 4A ). Chromosomes A1 and A2 have 413 and 261 within-chromosome paralogs, respectively. We plotted the frequencies of different paralog pairs with respect to dS values, to determine whether some of the pairs may reflect past duplications of larger chromosome segments spanning multiple genes. We found that paralog pairs on the X chromosome show a peak of ancestral gene duplications corresponding to dS ¼ 0.5, suggesting duplication of a large part of this chromosome in the past. Chromosome A2 contained a high proportion of more recent gene duplications with dS near 0.2. Paralog pairs on the same chromosome-level scaffold with dS 1.0 ranged from very close (close duplications) to distant from one another (distant duplications), whereas paralog pairs with dS > 1.0 were relatively few with higher proportion to be distant from one another ( fig. 4B ).
Visualizing the locations of paralog pairs on the chromosomes showed that close duplications were prevalent on the start of Chromosome A1 and some regions of MBE showed high frequencies of transposable elements, which potentially mediate duplication events. To determine whether recent and ancient paralog pairs have different relative locations, we defined close paralog pairs as separated <10 Mb on a chromosome and distant paralog pairs as those separated by !10 Mb on a chromosome. For recent paralog pairs (dS < 0.3), 73% were close and 27% were distant ( fig. 4D ), whereas for older pairs (0.3 dS < 0.6), 60% were close and 40% were distant ( fig. 4E and supplementary table S3, Supplementary Material online). We found significant correlations between dS and distance on Chromosomes A1 and X, although the correlation coefficients were low (0.19 and 0.12, respectively). We further investigated other potential factors relating to close and distant paralog pairs, such as dN, coding sequence (CDS) length between paralog pairs, numbers of CDS between paralog pairs (supplementary figs. S3-S5, Supplementary Material online). None of these factors correlate strongly with the distance between paralog pairs (supplementary table S4, Supplementary Material online). The elevated numbers of repeats on one end of Chromosome A1 (0-50 Mb) is due to younger duplications, whereas the elevated numbers of repeats on the X is found for both young and old paralog pairs ( fig. 4D and E) . Because the divergence of these regions was high, possibly obscuring nucleotidebased homology, we used homology searching with protein-coding genes as anchors (MCscan analysis), and the result is consistent with LAST alignment (supplementary fig.  S6 , Supplementary Material online).
Genome Architecture of the AL4 Assembly
We searched the assembly using four sets of gene families: the carotenoid biosynthetic genes (Moran and Jarvik 2010; Mandrioli et al. 2016) , gene regions underlying male wing dimorphism (aphicarus) (Braendle et al. 2005; , and two sets of genes related to the obligate symbiosis with the bacterium Buchnera aphidicola (Nikoh et al. 2010; Shigenobu and Stern 2013) . These include numerous genes previously shown to have been acquired in ancestral aphids through HGT from bacteria or fungi. We were able to align the majority of these gene families to chromosome-level scaffolds.
Aphids are among the rare cases of animals that can make their own carotenoids, due to ancestral HGT of carotenoid biosynthetic genes from fungi, followed by duplications (Moran and Jarvik 2010) . In A. pisum, one of the carotenoid desaturase loci underlies a red/green color polymorphism involving the production of the red pigment torulene in MBE individuals possessing the torþ allele. It was previously shown that green (torÀ) individuals lack a region of at least 30 kb that includes this carotenoid desaturase gene copy and that is present as a single copy in heterozygous torþ/torÀ genotypes such as AL4 or LSR1 (Moran and Jarvik 2010) . In the Acyr 2.0 assembly, the carotenoid biosynthetic genes are located on several scaffolds, and some scaffolds were shown to be chimeric due to misassembly (Moran and Jarvik 2010) . In the AL4 assembly, we located three carotenoid synthase/cyclase genes, three carotenoid desaturase genes and a pseudogene of carotenoid desaturase, all clustered near the end of the scaffold designated as Chromosome A1 (supplementary fig.  S7 , Supplementary Material online), which is consistent with previous in situ polymerase chain reaction (PCR) results (Mandrioli et al. 2016) . However, tor itself, though located in the same chromosomal region based on in situ data, was located on a separate short scaffold in the AL4 assembly. Aphid bacteriocytes are specialized aphid cells containing the obligate bacterial symbiont Buchnera and are characterized by strong upregulation of numerous genes (Hansen and Moran 2011; Shigenobu and Stern 2013) including some genes that were acquired by horizontal transfer from bacterial sources (Nikoh et al. 2010) . We aligned these symbiosisrelated genes, including bacteriocyte-specific cysteine-rich proteins (BCR) genes and secreted protein (SP) genes to corresponding scaffolds. BCR1, BCR4, and BCR5 clustered on Chromosome A1 (supplementary fig. S8 , Supplementary Material online), consistent with suggestions by Shigenobu and Stern (2013) . We located BCR2 next to the other three BCR genes, whereas in the Acyr 2.0 genome assembly BCR2 was on a separate scaffold. Shigenobu and Stern (2013) suggested that BCR1, BCR3, BCR4, and BCR5 may have originated from tandem gene duplication events. Their hypothesis is supported by the close location of the four genes in our assembly. We located other BCR genes and SP genes on Chromosomes A1, A2, A3, or X (supplementary fig. S8 and table S5, Supplementary Material online).
We also found all the bacteriocyte-expressed, HGT genes (three ldcA genes, five rlpA genes, amiD, and bLys genes) on Chromosomes A1 or A2 (supplementary table S5, Supplementary Material online). The ldcA2 and ldcA1 genes aligned to the same location (supplementary fig. S9 , Supplementary Material online), consistent with the existence of a single locus with ldcA2 reflecting a misassembly within Acyr 2.0. The previous scaffolds for ldcA1 and ldcA2 genes shared 97% similarity (Nikoh and Nakabachi 2009; Nikoh et al. 2010) , suggesting these are allelic variants. PCR and Sanger sequencing results confirmed that the AL4 assembly is correct in resolving them as a single locus (supplementary fig. S10, Supplementary Material online) .
To locate the api regions in our assembly, we broke the three Acyr 2.0 scaffolds containing api sequences (totaling 1,170,040 bp) into 40 contigs based on gaps ("N" characters). Using BlastN searches to locate these contigs in our assembly, we found that Acyr 2.0 scaffolds containing api regions aligned to Chromosome X in the same order as in previous findings ( fig. 5A) ). In addition, portions of the long Acyr 2.0 scaffold containing api regions (scaffold GL349773) aligned elsewhere on the X, or on other autosomes or short scaffolds (mapping results can be retrieved by running the cmd.sh script under step_4 on https://github. com/lyy005/Aphid_AL4_chromosome_assembly; l a s t accessed Feb 9, 2019), implying that regions before 9,375 bp and after 340,121 bp do not belong to the api region. This finding is consistent with a previous finding of misassembly after the 350-kb position in GL349773 (B. ). In addition, we found a region of $50 kb inserted within the api regions ( fig. 5B ). This 50-kb region was assembled as a separate scaffold in Acyr 2.0 (LSR1 strain) but had not been identified as part of the api region (B. .
To further investigate the api region, we estimated its sequencing depth using a 10-kb sliding window based on resequencing data. Overall, the api region showed consistent coverage with similar depth for winged and wingless males, Gene Family Evolution in Pea Aphid . doi:10.1093/molbev/msz138 MBE except in the $50-kb region. Among the seven sequenced individuals, LSR1 females showed the highest sequencing depth in this region; the AUS female, the AL4 female, and the two wingless males showed intermediate depth, and the two winged males showed the lowest depth, near 0 ( fig. 5 ). This indicates that LSR1 is homozygous for the region; AUS and AL4 are heterozygous; wingless males contain a copy of this region on their X, and winged males lack the region entirely. Analysis of sequencing depth using sliding windows along the whole X chromosome also showed that the api region is overrepresented among the top 20 windows with the largest difference in coverage between wingless and winged males (supplementary table S6, Supplementary Material online). PCR validations on the several individual males confirmed that the region was present on the X underlying winglessness and absent from the X underlying wingedness, for the AL4 clone (supplementary figs. S11 and S12, Supplementary Material online). Based on PCR surveys of other A. pisum clones, we found that most sampled clones contain the 50-kb region, regardless of whether they produce winged or wingless males. The region was lacking only in a single clone (ORPG), which produces only winged males (supplementary fig. S13 , Supplementary Material online).
Both the sequencing depth analysis and PCR results suggest that this 50-kb region is linked to the allele for male winglessness on the LSR1 X chromosome.
Discussion
The publication of the first aphid genome sequence revealed several unusual evolutionary features, including an extraordinary degree of gene family expansion (IAGC 2010) as well as the first verified cases of HGT from microbial sources into animal genomes (Moran and Jarvik 2010; Nikoh et al. 2010 ).
The genome sequence has advanced research on this important and unique group of insects, leading to discoveries involving host-symbiont interactions, HGT, color polymorphism, sex chromosome evolution, and utilization of alternative host plants. However, the extensive duplication within this genome has posed major hurdles for its assembly, limiting the ability to address questions from variant calling to largescale genome architecture. Largely as a result of the extensive gene family expansion, the existing Acyr 2.0 assembly is fragmented and often incorrect. Our new assembly, based on proximity ligation approaches (HiC and Chicago), has enabled a vast improvement in contiguity and accuracy. In turn, this enables insight into the history of duplication and HGT within this genome.
Repetitive Genome Assembly Using Proximity Ligation Approaches
One of the biggest challenges for assembly of eukaryotic genomes, including the aphid genome, is repetitive sequences (IAGC 2010; Duncan et al. 2016) . Repeats lead to fragmentation, misassemblies, and misalignments, especially for assemblies based on short reads of next-generation sequencing techniques (Treangen and Salzberg 2012; Jiao and Schneeberger 2017) . Proximity ligation approaches (Putnam et al. 2016 ) enabled us to achieve chromosome-level assemblies represented by four long scaffolds. Different quality assessments confirmed the quality of the new assembly. The AL4 and Acyr 2.0 assemblies contain similar high proportions of complete BUSCOs. However, AL4 has slightly fewer duplicated BUSCOs, suggesting that allelic variants represented as separate loci in Acyr 2.0 were resolved as single genes by the proximity ligation approach. An example is ldcA, which is represented by two putative loci, ldcA1 and ldcA2, on different scaffolds in Acyr 2.0 (Nikoh and Nakabachi 2009; Nikoh et al. 2010 ). In the AL4 assembly, these two copies assembled as a single locus, and this result was validated by PCR and Sanger sequencing of amplicons. This result is consistent with previous studies showing a large gap in ldcA2 and lack of ldcA2 expression (Nikoh and Nakabachi 2009; Nikoh et al. 2010 ).
Improving the Understanding of Gene Family Evolution
Our study demonstrates how chromosome-level scaffolds can facilitate studies of gene family evolution. The A. pisum genome is notable for its unusually high level of gene duplication, reflecting both recent and ancient duplications (IAGC 2010); however, the poor assembly quality has impeded analysis of the sizes or physical distribution of these duplications. We explored gene family evolution through two approaches, including analysis of particular gene families of interest based on their functional roles and global analysis of paralog pairs across the genome. For the first approach, we were able to identify locations for genes previously shown to have been acquired through HGT followed by gene family expansion through duplication (Moran and Jarvik 2010; Nikoh et al. 2010) . Almost all of these genes were located on the four chromosome-level scaffolds, and the multiple copies appear to have arisen through tandem duplications of small genomic regions.
Aphids acquired carotenoid biosynthetic genes by HGT from fungi followed by varying numbers of duplications among aphid lineages, resulting in a variety of carotenoid profiles across species (Nov akov a and Moran 2012) . In the AL4 assembly, these genes are located on Chromosome A1, where they form a tandem array of three pairs, each consisting of a carotenoid synthase/cyclase gene and a carotenoid desaturase gene in divergent orientation. This arrangement matches that of the pair of homologous genes in the donor group of fungi, except that intergenic spacers and introns are greatly expanded in the aphid versions (supplementary fig. S2 in Moran and Jarvik [2010] ). The finding that these genes are located together supports the hypothesis that two tandem duplication events subsequent to the HGT resulted in the three copies of the carotenoid gene pairs in the A. pisum genome. An additional duplication of the carotenoid desaturase gene gave rise to tor, which is located on a short scaffold and thus exemplifies a gene that could not be assigned to a chromosome-level scaffold. This region likely failed to assemble because it is hemizygous in AL4 ( fig. 1) . Many of the other short scaffolds likely also represent hemizygous variants. In these cases, combining Li et al. . doi:10.1093/molbev/msz138 MBE long-read data or more resequencing data could help to extend the assembly.
Several other gene families are of particular interest due to their roles in the aphid symbiosis with the obligate endosymbiont, Buchnera aphidicola. In particular, a group of short peptide-encoding genes, the BCR are expressed at high levels only in cells housing Buchnera or in adjacent sheath cells; these have been hypothesized to play roles in controlling proliferation of the intracellular symbiont population (Shigenobu and Stern 2013) . Although highly divergent in sequence, the BCR1, BCR2, BCR4, and BCR5 loci were proposed to be paralogs undergoing rapid sequence evolution (Shigenobu and Stern 2013) . We found that indeed these loci are located in close proximity on the same AL4 scaffold, supporting their origins through duplication.
Our whole-genome analysis of paralog pairs using the AL4 assembly reveals a long history of ongoing gene duplication on all chromosomes. The older duplications, represented by paralog pairs with dS > 0.4, correspond to events during the early evolution of aphids, based on comparison to dS values for ortholog pairs of divergent aphid species (IAGC 2010) . Based on divergence dates estimated from the fossil record for aphids ( _ Zyła et al. 2017 ), our analysis spans $100-200 My of gene duplications.
We found that the abundance of paralogs in the A. pisum genome reflects primarily small-scale duplications involving one or few genes. We found no evidence for whole-genome duplication and almost no evidence for large-scale duplications during the evolution of aphids (fig. 4) . The exception is an excess of paralog pairs with dS near 0.5 for the X chromosome ( fig. 4A ), a result that potentially arises from a large-scale duplication of many genes. However, an excess of duplicates of similar divergence levels can result from other processes. Chromosome-scale assembly can help to resolve whether large, multigene duplication played a role, since a prediction of a large duplication is synteny of genes in the descendant genomic regions (Nakatani and McLysaght 2019) . Such synteny is not evident from our assembly ( fig. 4E) . Thus, the peak observed for dS values of paralogs on the X chromosome likely represents a spurt of smallscale duplications; alternatively, it could reflect an ancient large-scale duplication for which synteny is obscured by later rearrangements.
Based on the distance between paralog pairs on chromosome assemblies, recent duplications could be categorized as either close or distant. Recent duplications, identified by having low dS values, include both close and distant paralog pairs; this observation is consistent with previous evidence from karyotype studies that chromosomal rearrangements are common in aphids (Blackman 1980; Mandrioli et al. 2016) . One possible explanation is that aphids have holocentric chromosomes that have diffused microtubule attachments along the chromosomes. DNA fragments could be kept and inherited by cells through attaching to these microtubule attachments along the chromosomes (Mandrioli and Carlo Manicardi 2012) . A high rate of chromosome rearrangement has also been found in other holocentric organisms (Coghlan and Wolfe 2002; d'Alencon et al. 2010) . These rearrangements may lead to relocation of one member of a paralog pair, resulting in distant paralogs.
Our assembly reveals an elevated incidence of both young and old gene duplications on the X chromosome as compared with autosomes ( fig. 4) , as has also been found for sex chromosomes in other organisms (Vicoso and Charlesworth 2006; Bellott et al. 2010; Meisel et al. 2010) . The end of Chromosome X contains a large number of paralogs and transposable elements. However, the length or number of CDS between paralogs does not correlate strongly with paralog distance. Thus, most paralogs appear to be mediated by DNA duplication events rather than by mRNA and reverse transcriptase (which would lead to the intronless paralogs) (Kaessmann et al. 2009 ). Previously, the X chromosome of A. pisum has been shown to undergo a distinctive pattern of gene sequence evolution, consistent with population genetic expectations based on its lower effective population size (Jaqui ery et al. 2018). We further found that the X chromosome has a high rate of recombination along its length, based on the physical distribution of microsatellite markers ( fig. 2) , as also suggested by Jaqui ery et al. (2014) . This high rate of recombination may reflect a reduction or redistribution of centromeric proteins that prevent recombination on autosomal regions. In turn, high recombination rates may lead to increased numbers of duplication events.
Discovering Structural Variations Using Chromosome-Level Assembly
Structural variants, including deletions, insertions, duplications, and inversions, can underlie phenotypes, sex determination, and speciation (Rieseberg 2001; Eichler and Sankoff 2003; Murata et al. 2011 ). Chromosome-level assembly can enable the discovery of structural variations linked to phenotypes. For example, by comparing winged and wingless male individuals in the context of our chromosome-level assembly for the A. pisum genome, we documented potential hemizygous loci (insertions and deletions) (supplementary table S6, Supplementary Material online) on the X chromosome. In particular, we found a $50-kb deletion flanked by the api regions within winged males. Although this deletion appears not to underlie male wing dimorphism, this result illustrates how chromosome-level assembly can be used to discover structural variations. Similar approaches might be used for discovering structural genomic variation underlying other ecologically significant phenotypes. For example, genome resequencing, in combination with the assembly, could be used to address the basis for different host plant associations, which underlie the formation of host plant races in A. pisum (Jaqui ery et al. 2012), or to address the genetic basis for differences in ability to produce sexual forms. This AL4 assembly is limited by the failure to include $14% of the sequence on the chromosomes; these may represent highly divergent or hemizygous regions that may specify interesting ecological phenotypes. Interestingly, these unassembled regions appear to mostly reside on the X chromosome, based on our analysis of resequencing depth in males versus females and on the absence of SNPs in males ( fig. 3) . In the future, long-read Gene Family Evolution in Pea Aphid . doi:10.1093/molbev/msz138 MBE sequencing data could help to improve the genome assembly by connecting short scaffolds or filling gaps in the genome.
A limitation of our assembly as a reference for the A. pisum genome is that it lacks any regions not present in the sequenced AL4 or LSR1 clones. Since these are both members of the alfalfa host race, the assembly does not include any regions that are specific to other host plant-associated populations. In the future, building a representative (structural variation) map based on this assembly by including population resequencing data could be especially helpful for discovering the genetic basis of ecologically relevant phenotypes (Sudmant et al. 2015) .
Materials and Methods
Aphid Culture and Sample Preparation
The AL4 clone chosen for the assembly is an F1 offspring of paternal clone LSR1.AC.G1, which was used for the aphid genome project (IAGC 2010) and maternal clone AUS (Chong and Moran 2016) . Both AL4 and LSR1 are clones adapted to Medicago sativa (alfalfa), and thus represent a single host plant race of A. pisum. LSR1 is a red clone, heterozygous for tor, the carotenoid desaturase gene that underlies the production of the red carotenoid torulene and that confers red body color. "AUS" is green and thus homozygous (torÀ/torÀ). Progeny of this cross were half red and half green individuals as expected by Mendelian ratios (Moran and Jarvik 2010) . AL4 is red and thus heterozygous (torþ/ torÀ) ( fig. 1) . When induced to produce sexual forms, AL4 yields approximately even numbers of winged and wingless males and thus is dimorphic for the X-linked locus aphicarus (api) (B. , which determines wing dimorphism in males (which are XO).
We collected, froze and shipped wingless asexual females from an AL4 lab colony to Dovetail Genomics (Santa Cruz, CA) for DNA extraction, proximity ligation methods (HiC and Chicago library preparation) (Putnam et al. 2016) , and Illumina HiSeq X sequencing. All aphid clonal lines were raised separately on fava bean seedlings and maintained at 20 or 15 C constant temperature with a 16L/8D daily light cycle. Males were generated by placing clones at short day length, as described below.
De Novo Assembly and Verification
We first assembled the AL4 genome using Chicago data based on the Acyr 2.0 assembly using the HiRise assembler (Putnam et al. 2016) . The HiRise assembler breaks the original assembly when it conflicts with proximity ligation results. We then used the result from the Chicago assembly as a basis for a further assembly using the HiC data. We filtered bacteria contaminations in the final AL4 assembly using NCBI VecScreen. We then masked potential contaminated sequences with "N" characters. After masking, we removed "N"s at the beginning or at the end of scaffolds.
To assess the genome assembly quality, we used the BUSCOs version 3.0.2 (Simão et al. 2015) on both Acyr 2.0 and the AL4 assembly. We ran the BUSCO analysis using 1,658 Insecta near-universal single-copy orthologs from OrthoDB v9 (Zdobnov et al. 2017) as the benchmark gene set in "genome" mode with default parameters.
To evaluate potential large-scale misassemblies, we mapped the known microsatellite markers of A. pisum and tested if these makers were consistent with linkage groups identified (Jaqui ery et al. 2014) . Specifically, we mapped primer sequences for 305 microsatellite markers (Jaqui ery et al. 2014 , primer sequences can be found in the https:// github.com/lyy005/Aphid_AL4_chromosome_assembly; last accessed Feb 9, 2019) to the AL4 assembly using BLASTþ v2.2.28 (Altschul et al. 1990 ) with BlastN command, "blastnshort" mode, and e-value ¼ 1. We counted the microsatellite primer pairs as a match if both forward and reverse primers of the same microsatellite locus could be aligned to the same scaffold with 100% similarity, 100% primer sequence length, and in the correct orientation. We scored BLAST hits for whether they were unique matches within the genome and whether allowing for a single base difference between the primer and scaffold sequence resulted in matches. We identified Chromosome X based on linkage group information. Chromosome A3 was identified as the scaffold with the shortest map length and assembly length (Jaqui ery et al. 2014) . Chromosomes A1 and A2 were identified based on their relative lengths, with the longer scaffold identified as Chromosome A1. In addition, genes for carotenoid biosynthesis were also found on the longer scaffold (Chromosome A1), which is consistent with findings from in situ localization of these genes on the longer autosome designated as Chromosome A1 in the aphid karyotype (supplementary table S5, Supplementary Material online) (Mandrioli et al. 2016 ).
Sequencing Depth Evaluation
To further discover potential misassemblies of regions from autosomes and the X chromosome, we resequenced seven A. pisum individuals, including one LSR1 female, one AUS female, one AL4 asexual female, two wingless AL4 males, and two winged AL4 males ( fig. 1 ). We induced AL4 sexual morphs by subjecting asexual female aphids reared at 16 C to increasingly longer nights, decreasing the daylight hours by 15 min every Monday, Wednesday, and Friday until 12L/12D was reached (spanning two months). When males appeared, we preserved single males, winged or wingless, in separate tubes for later sequencing. We flash froze the individuals and stored at À80 C. Later, we extracted genomic DNA with the DNeasy Blood & Tissue Kit (Qiagen) insect protocol, using 1.5-ml mortar and pestle tubes and eluting twice with 50 ml of buffer AE. The University of Texas at Austin Genomic Sequencing and Analysis Facility performed library preparation and sequencing using the NEBNext Ultra II DNA library prep kit (New England Biolabs) and Illumina HiSeq 2500 100-bp single-ended sequencing.
We first aligned reads to the AL4 assembly using Bowtie2 version 2.2.6 (Langmead and Salzberg 2012) with default parameters. The resulting SAM files were converted into BAM files, sorted, and indexed using SAMtools version 1.9 (Li et al. 2009 ). We then estimated the depth of coverage using sliding windows of 10 kb with 2-kb steps as suggested by Jaqui ery et al. (2018) . Sequencing depth measures of male Li et al. . doi:10.1093/molbev/msz138 MBE and female individuals were normalized based on the median of male or female individuals with the lowest sequencing depth, respectively. For each window, we calculated the sequencing depth ratio as: the ratio between male sequencing depth to female sequencing depth using mosdepth version 0.2.3 (Pedersen and Quinlan 2018) . Sequencing depths were normalized among male individuals and female individuals separately. Male individuals were normalized based on the median of the sequencing depth of the individuals with the lowest sequencing depth (wingless male individual A). Female individuals were normalized based on the LSR1 female individual. Given the XO sex determination system, we expected the male to female ratio of median coverage depth to be approximately two times larger for autosomes than for X chromosome in aphids.
As an additional evaluation of assignment to the X versus autosomes, regions were checked for polymorphism in females versus males. We identified SNPs using FreeBayes version 1.2.0 (Garrison and Marth 2012) and filtered as described in the using programs vcffilter, vcfallelicprimitives in FreeBayes (Garrison and Marth 2012) and VCFtools version 0.1.16 (Danecek et al. 2011 ) (https://github.com/lyy005/ Aphid_AL4_chromosome_assembly; last accessed Feb 9, 2019).
Using the resequencing data, we also calculated the heterozygosity of different individuals. Given the large amount of repetitive sequences in the aphid genome, which could interfere with assignment of homologous positions, we only calculated heterozygosity for coding gene regions. The heterozygosity for gene regions of each individual was calculated as (number of heterozygous SNP sites)/(total number of sites in the gene region). We extract the SNPs in gene regions based on the GFF file from genome annotation and the VCF file from FreeBayes using "intersect" command in BEDTools version 2.26.0 (Quinlan and Hall 2010) . We counted the number of heterozygous SNP sites in the resulting VCF file. We used the total length of gene regions as the total number of sites.
Genome Annotation
We annotated the assembly using WQ-MAKER version 2.31.9 (Hazekamp et al. 2018 ) on the Jetstream (Towns et al. 2014; Stewart et al. 2015) in combination with existing coding sequences and protein sequences of the Acyr 2.0 genome annotation 2.1b from AphidBase (IAGC 2010; Legeai et al. 2010) . The WQ-MAKER is a modified annotation program, MAKER (Cantarel et al. 2008; Holt and Yandell 2011) , on distributed computing resources. We then associated the functions of predicted genes to the existing functional annotation of the Acyr 2.0 genome using BlastP in BLASTþ v2.2.28 (Altschul et al. 1990) .
We compared annotations of the two assemblies, in order to estimate the number of genes in the Acyr 2.0 genome that were broken and rearranged in the AL4 assembly and to better understand the distribution of transposable elements in the AL4 assembly. For this purpose, we used the Acyr 2.0 annotations for genes (http://bipaa.genouest.org/sp/acyrthosiphon_pisum/download/annotation/ncbi_2.1/ncbi_ annotation_v2.1.gff3; last accessed Feb 9, 2019) and for transposable elements (http://bipaa.genouest.org/sp/acyrthosiphon_pisum/download/tracks/REPET_all.gff3; last accessed Feb 9, 2019) To convert the annotations between the assemblies, we first converted the Dovetail assembly coordinate file to an agp file using a Perl script (https://github.com/ Nucleomics-VIB/bionano-tools/blob/master/general-tools/ dovetail2agp.pl; last accessed Feb 9, 2019). Then we converted the agp file to a chain file using chain.py from jcvi tool version v0.8.12 (Tang et al. 2015 ). The chain file was then used to convert annotations from Acyr 2.0 to the AL4 assembly using CrossMap version 0.3.4 (Zhao et al. 2014 ).
Gene Duplication Analyses
To investigate the history of gene duplication in A. pisum, we reconstructed the paralogous relationship of the annotated genes. First only the longest CDS of each gene was used for paralog prediction. Then, we performed all-to-all BlastP search within the annotated genes with e-value ¼ 1e-10, similarity !30%, and alignment length !150 aa, following criteria suggested by previous studies (Fawcett et al. 2009; Mathers et al. 2017) . Reciprocal best BLAST hit pairs were retained as paralogs. For each paralog pair, we aligned the codon sequences using codon alignment (Y. and removed poorly aligned regions using Gblocks version 0.91b (Castresana 2000) . We then calculated pairwise dN and dS values using KaKs Calculator version 2.0 (Zhang et al. 2006) with the "Model Averaging" method. We also calculated the distance between genes by estimating the distance of mRNA annotation between paralog pairs in the gff file. We visualized the data using ggplot2 package version 3.0 (Wickham 2016) in R (R Core Team 2016). We tested the correlation between paralog distance on chromosomes and dS, dN, CDS length, and CDS number using Kendall's Tau in cor.test function of R (R Core Team 2016).
To look for potential homologous regions in the genome, we located potential duplications on the genome assembly. We used LAST version 956 (Kielbasa et al. 2011) to perform all-to-all search on all the scaffolds. We plotted alignments longer than 5 kb using Circos version 0.69-6 (Krzywinski et al. 2009 ). We also used MCscan in the JCVI tool kit version 0.8.12 (https://github.com/tanghaibao/jcvi; last accessed Feb 9, 2019) (Wang et al. 2012; Tang et al. 2015) to search for homologous regions using protein-coding genes as anchors.
Location of Functional Genes
To locate genes of interest in the assembly, we annotated the carotenoid biosynthetic genes from the AL4 assembly. We aligned the amino acid sequences of four carotenoid desaturase genes, three carotenoid synthase genes and one carotenoid synthase pseudogene (Mandrioli et al. 2016 ) to the AL4 assembly using TBlastN with e-value ¼ 1e-10. We used the same parameters for several sets of genes hypothesized to be involved in the symbiosis with Buchnera, based on expression patterns (Nikoh et al. 2010; Shigenobu and Stern 2013) . These symbiosis-related genes included BCR genes, SP genes and HGT genes (three ldcA genes, five rlpA genes, amiD, and bLys genes). We visualized the locations of the genes in Gene Family Evolution in Pea Aphid . doi:10.1093/molbev/msz138 MBE Sushi package version 1.16 (Phanstiel et al. 2014 ) in R version 3.4.4 (R Core Team 2016 . Details of the genes and sequences can be found at https://github.com/lyy005/Aphid_AL4_chro-mosome_assembly; last accessed Feb 9, 2019.
Previous genetic mapping studies (Braendle et al. 2005; ) have shown that a region called aphicarus (api), located near one end of the X chromosome, underlies male wing dimorphism. Clone AL4 produces both winged and wingless males, and thus is heterozygous for this region ( fig. 1) . In Acyr 2.0, the predicted region was assembled into three scaffolds (B. , of which one scaffold (NCBI accession number GL349773.1) has been shown to be misassembled after the 350-kb position (B. . We determined the locations and confirmed the potential misassemblies of these regions using BlastN with the three scaffolds (NCBI accession numbers GL349773.1, GL350308.1, and GL351389.1) as queries. To determine the potential misassemblies, we broke the scaffolds into contigs at gaps (Ns) and aligned the contigs with the current assembly.
To further investigate genomic differences between winged and wingless males, we plotted the sequencing depth of the aphicarus gene regions in the assemblies among the individuals. We calculated the differences in sequencing depth between winged males and wingless males as (sequencing depth winged male A þ winged male B)/(wingless male A þ wingless male B). We discovered potential hemizygous regions differing between X chromosomes of winged and wingless males by ranking the difference in this ratio for the 10-kb windows. To achieve better resolution, we also applied a 1-kb sliding window on the aphicarus region to confirm our findings.
To confirm the assembly, we designed two sets of PCR primers for the ldcA2 gene and two sets of primers for the 50-kb insertion within the api region. Amplicons of ldcA2 genes were sequenced using Applied Biosystems 3730 DNA Analyzers and BigDye Terminator v3.1 chemistry at University of Texas at Austin Genomic Sequencing and Analysis Facility. We picked one of the two api region primer pairs to amplify the region in other clones known to produce winged or wingless males.
